Abstract: Dielectric barrier discharge is vulnerable to ion bombardment, radical species or ultraviolet radiations that can be emitted by plasma filaments in air under atmospheric pressure. In our experiments, traces of degradation on the actuator surface can be observed by naked eye after the discharge operation. The degradation could come from the non-uniformity of the electric field. Despite the degradation marks, some scratches due to the corona discharge process can be seen on the dielectric surface. The parametric study in this study reveals that the degradation on the actuator panel is subjected to a failure rate that increases with the cumulative time of plasma operation and the magnitude of supplied voltage. Besides, this study suggests that the severity of degradation can be lessened for a symmetric and larger gap design plasma actuator, since the concentration for the ion bombardment can be weakened at a particular discharge area.
INTRODUCTION
Since decades, plasma science is a field of growing interest. Plasma, which defines the ionized state of gases, has become increasingly important for various industrial applications [1] . The device in-used, plasma actuator, is named after its ability to establish the electric wind or ionic flow. There are two most-used actuators, namely corona discharge plasma actuator and dielectric barrier discharge (DBD) plasma actuator [2] . The latter design will be analysed in this study.
Dielectric barrier discharge (DBD), which also known as surface DBD (SDBD) has been widely used for the industrial applications and aerodynamic flow control [3, 4] . It is a nonthermal discharge under atmospheric pressure that can generate UV emission and low-temperature plasma in the air. The discharge is performed at the surface of a dielectric layer between several electrodes mounted flush at both sides in an asymmetric configuration. A schematic diagram of the experimental layout and essential connections is demonstrated by Fig. 1 .
The dielectric barrier can be made of glass, quartz, ceramics or polymer materials of low dielectric loss and high breakdown strength. The DBD proceeds in most gases or atmospheric air through a large number of separate current filaments referred to as microdischarges. These microdischarges have complex dynamic structure and are formed by channel streamers that repeatedly strike at the same place as the polarity of the applied voltage changes, appearing to the eye as bright filaments [5] . Charge accumulated on the surface of the dielectric barrier reduces the electric field at the location of a microdischarge, resulting in current termination within tens of nanoseconds after breakdown. The short duration of current in microdischarges leads to low heat dissipation, causing the DBD plasma to remain strongly non-thermal.
Fig. 1. Experimental Setup
Dielectrics in contact with plasma processes are subjected to electrical charging. The establishment of the electric charge distribution in dielectrics can have a profound influence on the degradation and roughness of the materials. The roughness and cavities caused by the degradation should be prevented since lower roughness can result in better electrical properties, such as high mobility, low leakage current and better reliability [6] . Recently, it had been reported in their papers that the degradation of dielectric can be observed on the DBD plasma actuator panel, after being exposed to the plasma generation at atmospheric pressure [7, 8] . Owed to the facts that the lower surface roughness can result in better electrical properties, a parametric study was carried out to facilitate further understandings in relation to the severity level of the dielectric degradation. Three relevant parameters, namely, operation duration, magnitude of supplied voltage and electrode geometry, were evaluated on their impacts to the degradation process.
PLASMA ACTUATOR PANEL DESIGN
The plasma actuator panel under tested consists of two identical copper actuators (top and bottom) with an intermediate dielectric layer, as shown in . Each actuator has six electrodes and every single electrode is 75 μm thick, 80 mm long and 2 mm wide. The top actuator (anode) is connected to a high voltage power amplifier (Trek 30/20A) driven by a function generator (GW Instek GFG-8020H) which delivering a sine waveform, whereas the bottom one (cathode) is grounded. The high voltage power amplifier has a fixed gain of 3000 V/V and is capable of providing precise control of output voltage in the range from 0 to ±30 kV peak-to-peak AC with an output current range of 0 to ±20 mA.
Fig. 2. Views of the plasma actuator (dimension in mm)

DEGRADATION
After exposing the actuator panel to about two hours of operation under conditions of 9 kV at 0.5 kHz in ambient air, surface of the actuator panel is covered by a thin white powder within the electrode gaps as shown in Fig. 3 . This powder comes from the non-uniform degradation of the surface [7] . In addition, scratches can be found at the tips of every electrodes, both top and bottom actuators. This is believed to be caused by the corona discharge which took places at the sharp edges of electrodes. A scanning electron microscope (SEM, JEOL Model JSM-6701F) was utilized to take the close up pictures on the dielectric surface. Fig. 4 displays the electron micrograph focussing on the electrode tip after the operation, without applying any image post-processing techniques. From the SEM images, plenty of line scratches which could damage the dielectric layer are distributed randomly on the surface. 
PARAMETRIC STUDY
A parametric study is carried out and presented to facilitate understandings of the three parameters, i.e. experiment time, magnitude of supplied voltage and electrode geometry, to influence the severity of the degradation. Note that the final image from top surface is only considered in the capturing process since the discharge phenomena happened similarly on both surfaces of the plasma actuator.
Experiment Time
Two plasma actuator panels are prepared and operated under 30 minutes and four hours respectively. The camera images with close up view for each panel are taken for comparisons, as shown in Fig. 5 . Note that the ambient conditions are similar as in previous section. The panel which was operated for 30 minutes showed the slight scratch marks on the electrode tip due to the corona discharge, without any degradation traces between the electrode gaps, as observed in Fig.  5d . On the other hand, the 4-hours operated panel looked severely degraded, if compared to that of 30 minutes and two hours panels. The results show that the white powder found on the panel surface is due to the dielectric material degradation. A brief summary can be made that the longer time of operation, the more severe the degradation happened on the dielectric layer. In other words, the aging of dielectric can be characterized by a failure rate that increases with the cumulative time of plasma operation. 
Voltage Magnitude
Voltage is generally believed as a dominant factor in affecting the discharge performance of plasma actuator, due to the strong electric field could cause filaments to form more radicals or ion bombardments. One of the actuator panels in this evaluation is supplied with a higher voltage of 12 kV. The two-hour operation degradation results for both panels are displayed in Fig. 6c and Fig. 6a respectively. Apparently, the degradation traces on the actuator surface for 12 kV (see Fig. 6c ) are more severe than that operated by 9 kV (see Fig. 6a ) under the same discharge conditions.
It is worth to observe that the degradation process for the two hours evaluated panel by 12 kV is even severe than that being operated for four hours by 9 kV (see Fig. 6b ). It seems that the voltage factor is a more significant factor in inducing the degradation traces (33% variation, from 9 kV to 12 kV) if compared to the time factor (100% variation, from two hours to four hours). This may due to the facts that larger amount of microdischarges can be generated by a relatively high voltage, rather than the operation hours. However, the selected voltage magnitudes are only for the preliminary study, further works should be carried out in order to understand the observed phenomena. In brief, the severity of the degradation process can be summarized as below:
12 kV for 2 hours > 9 kV for 4 hours > 9 kV for 2 hours Fig. 6 . Observations for panels operated with (a) 9 kV for 2 hours, (b) 9 kV for 4 hours, and (c) 12 kV for 2 hours. The lower images provide the corresponding close up view
Electrode Geometry
Besides the 2 mm left gap design mentioned earlier in section III (Fig. 3) , two varied gapping designs, i.e. 4 mm and 5 mm, are evaluated to study the influences from the electrode geometry. Note that Fig. 3 is reproduced in Fig. 7a for a thorough comparison. All of these panels are exposed to the same discharge conditions, i.e. 9 kV at 0.5 kHz for 2 hours.
Typically, the electrode gap (left gap) that responsible for the discharge process is defined as the distance between the trailing edge of the n th anode and the leading edge of the n th cathode, where n is a positive integer, as shown in Fig. 7a . However, as viewable from the 5-mm design panel in Fig. 7c , the discharge area is located within the (n+1) th anode and the n th cathode. This discharge phenomenon happened for the panel designs that having a larger left gap than the right gap. The observation in this evaluation suggests that the charge carrier prefers the shortest way to flow from anode to cathode. Another phenomenon is detected from the 4-mm panel by its symmetric gapping design (see Fig. 7b ). In the symmetric design, the microdischarges seem to be evenly distributed at both sides (left and right) of the electrodes. This may be due to the fact that there has no defined dominant electrode gaps exist where the space charge can concentrate. Unlike the asymmetric designs, the microdischarges always gather at the shorter electrode gaps. Thus, the ion bombardments are formed evenly between both the electrode gaps and consequently resulted in a weaker charge concentration, if compared to the asymmetric electrode gap designs. In addition, the 4-mm design gives a relatively large area that can further reduce the concentration of charge carrier bombardment on the particular discharge area. As a result, the severity of dielectric degradation for this symmetric and larger gap design can be reduced. 
CONCLUSION
The white powders caused by material degradation can be observed on the surface of DBD plasma actuator after operating in air at atmospheric pressure. The actuator panel with multiple electrodes has a pair of electrode gaps if it is not a symmetrical gapping design. One of these gaps is more dominant to accumulate higher amount of microdischarges and induce greater material degradation. The factors of voltage magnitude and operation duration must be concerned for reducing the unavoidable aging process. It is apparent that the degradation process can be easily affected by the magnitude of applied voltage, rather than the operation duration. Besides, this study suggests that the severity of degradation can be lessened for a symmetric and larger gap design plasma actuator, since the concentration for the ion bombardment can be weakened at a particular discharge area.
